Salamander populations of the Plethodon jordani species complex form a challenging system for applying the general lineage concept of species to diagnose population-level lineages. The present study reports and analyses mitochondrial-DNA haplotypes ( ∼ 1200 nucleotide bases from the genes encoding ND2, tRNA Trp , and tRNA Ala from 438 salamanders) from 100 populations representing six species of the P. jordani complex ( Plethodon amplus , Plethodon cheoah , Plethodon jordani , Plethodon meridianus , Plethodon metcalfi , and Plethodon montanus ) with comparative analyses of previously published allozymic data to reconstruct the evolutionary history of this group and to diagnose species lineages. Analyses of mitochondrial haplotypic data include nested-cladistic analysis of phylogeography, analysis of molecular variance, hierarchical analysis of nucleotide-diversity measures, and likelihood-based estimates of recent temporal changes in population size. New analyses of allozymic data include multidimensional scaling and principal component analyses, and both data sets are analysed and compared for congruent genetic structure using Mantel correlation tests. These analyses in combination identify the six named species as distinct evolutionary lineages despite sporadic genetic exchanges among them and some discordance between mitochondrial DNA and allozymic markers. Sexual isolation is not complete for any pair of these six species, but they replace each other geographically and appear to block the geographical spreading of their neighbours. The P. jordani complex is a strong study system for investigating the genetic and ecological processes responsible for vicariant speciation.
INTRODUCTION
The General Lineage Concept (GLC) of species (de Queiroz, 1998 (de Queiroz, , 1999 identifies segments of population-level lineages as the common element of otherwise disparate concepts of the species category. Some species concepts, such as the phylogenetic species concept (Cracraft, 1989) and the evolutionary species concept (Wiley, 1978) , explicitly equate species with populational lineages having a temporal evolutionary dimension. For some other concepts, such as the biological and recognition species concepts (Mayr, 1982; Paterson, 1985) , species comprise sets of contemporary populations that share a common reproductive system through descent from a common ancestral lineage. To make the GLC operational, empirical studies must first test the hypothesis that geographicallyvarying demes behave as a single population-level lineage in their recent evolutionary history. This testing requires statistical analyses of molecular and morphological variation on a fine geographical scale to diagnose all population-level lineages that demonstrate unique and separable patterns of ancestry and descent (Templeton, 2001) . Lineages diagnosed in this manner constitute separate species using the phylogenetic species concept (Cracraft, 1989) ; alternative concepts, including the evolutionary and cohesion concepts (Templeton, 1989) , require demonstrating reproduc-tive or ecological disparity among such lineages to regard them as distinct species (Templeton, 2001) .
Salamander populations of the Plethodon jordani species complex form a challenging natural study system for asking whether geographical genetic variation among populations permits diagnosis of distinct population-level lineages. These populations occupy high-elevation isolates in the southern Appalachian Mountains (Fig. 1) . Geographically variable morphological features include presence of red cheeks on an otherwise black body in north-western populations from the Great Smoky Mountains. Populations from the south-western portion of the complex typically have red coloration on the dorsal sides of their legs. Populations in the central, eastern, and northern portions of the range are typically black to greyish-black and lack conspicuous red coloration. Despite geographical variation in colour, morphometric differentiation across the complex is limited and provides no obvious diagnosis of lineages (Manzo, 1988) . A thorough study of geographical variation in allozymes (Highton & Peabody, 2000) reveals extensive genetic variation across populations and identifies as species seven geographical groupings of populations separated from each other by a Nei's genetic distance ( D ; Nei, 1972) of at least 0.15: Plethodon amplus , Plethodon cheoah , Plethodon jordani , Plethodon meridianus , Plethodon metcalfi , Plethodon montanus , and Plethodon shermani (Fig. 1) . No inferred allozyme loci exhibit complete fixed differences among these population-level groupings, although large frequency differences separate named species. Highton & Peabody (2000) show that, within each of these seven groupings, a positive correlation between geographical and Table S1 . Numbers refer to sampled localities used in our mtDNA analyses (Table S1 ). Mountain isolates are shaded by species. Although not indicated on the map, P. jordani occurs in the extreme northern portion of the Balsam Mountain isolate, very near Plethodon metcalfi locality 85. The light shading around most localities is the expected historical distribution of the species complex during glacial periods if its elevational distribution was decreased by 1000 feet (redrawn from Peabody, 1978; Fig. 14) . Locality 30 (upper right corner of map) is a human-mediated range expansion at the Mountain Lake Biological Station. genetic distances suggests ongoing gene flow among populations with some isolation by distance (Good & Wake, 1992) ; no such correlation exists among the seven groups, indicating a lack of widespread genetic exchange among them.
Effects of Pleistocene climatic changes on the phylogeographical history of population divergence and species formation are well documented (Hewitt, 2000) and particularly important for high-elevation species (Masta, 2000; Knowles, 2001) . Climatological and palynological studies indicate that boreal-like forest was much more widely distributed and not restricted to high elevations in the southern Appalachian Mountains during the most recent glacial maximum approximately 18 Kya (Whitehead, 1973; Watts, 1980; Delcourt & Delcourt, 1984 Webb & Bartlein, 1992) ; genetic studies of southern Appalachian relict populations support this hypothesis (Arbogast, 1999) . Populations of the P. jordani species complex probably occupied lower elevations during glacial periods ( Fig. 1) , permitting gene flow and range expansions not possible during interglacial periods. These climatic reconstructions and the geographical genetic fragmentation of populations shown by allozymic data (Highton & Peabody, 2000) produce evolutionary predictions testable by phylogeographical analyses of haplotypes: (1) range expansions during glacial maxima are likely important in the evolutionary history of this group; (2) secondary contact during recurring glacial periods may have permitted gene flow among formerly and subsequently separated populations; and (3) opportunities for intermittent gene exchange among local populations may permit them to evolve as a single evolutionary lineage on a macro-evolutionary time scale. Genetic variation from both the nuclear and mitochondrial genomes is especially important in testing hypothesis 3, given the greater tendency of mtDNA to introgress across populational boundaries (Funk & Omland, 2003) .
The present study reports and analyses mitochondrial-DNA (mtDNA) haplotypes from the P. jordani complex to reconstruct evolutionary histories of these populations and to test the hypothesis that the species recognized by Highton & Peabody (2000) form distinct population-level lineages consistent with the GLC. Nested-cladistic analysis of phylogeographical information (Templeton, 1998 (Templeton, , 2004 discriminates alternative hypotheses of genetic panmixia, isolation by distance, range expansion, and historical fragmentation as evolutionary explanations of haplotypic variation among populations; it thereby permits an explicit test of whether a hypothetical grouping of geographical populations constitutes a distinct evolutionary lineage. The current genetic cohesiveness of populations is assessed using both hierarchical analysis of nucleotide-diversity measures (Holsinger & Mason-Gamer, 1996) and analysis of molecular variance (Excoffier, Smouse & Quattro, 1992) . Maximum-likelihood estimates of population-size change over time (Kuhner, Yamato & Felsenstein, 1998) are used to infer the historical demographics of populations.
The allozymic data of Highton & Peabody (2000) are reanalysed using multidimensional scaling (MDS) (Lessa, 1990; de Queiroz & Good, 1997) and principal component analysis (PCA), and new statistical approaches are applied to ask whether hypothetical species categories explain a significant proportion of the variation in allozyme allelic frequencies. Mantel correlation tests are also used to assess congruence of divergences among populations in mtDNA haplotypes, allozymes, and geographical distances, and to ask whether species categories explain significantly more genetic variation than does geographical distance alone.
Finally, data on reproductive isolation in the P. jordani complex (Reagan, 1992) are used to evaluate the status of speciation in the P. jordani complex.
MATERIAL AND METHODS

A NALYSES OF ALLOZYMIC VARIATION
Both MDS and PCA of the allozymic data of Highton & Peabody (2000) were used to provide a nonhierarchical view of populations in multidimensional space (Lessa, 1990; de Queiroz & Good, 1997) . MDS was performed on a matrix of Cavalli-Sforza chord distances (CavalliSforza & Edwards, 1967 ) generated in PHYLIP , version 3.573 (Felsenstein, 1993) . A classical MDS function was performed on this distance matrix using the mva package in the R project for statistical computing, version 1.5.1 (http://www.r-project.org). The first three dimensions were used to plot populations in ordination space.
PCA was performed on a correlation matrix generated from allozyme allelic frequencies. The original data set had many more alleles than populations; therefore, any allelic class that did not exceed 5% frequency in at least one population was removed. The resulting matrix contained 142 populations and 137 allelic classes from 22 inferred loci. Principal component (PC) scores were calculated and the first four PCs used to plot populations in ordination space. A multivariate analysis of variance (MANOVA) was used to determine whether species categories explain a significant proportion of the variation, and univariate analysis of variance was used to determine which PCs showed significant differences using species categories as treatments. To determine which species categories differed significantly at each PC, a Tukey-Kramer test was used with multiple comparisons. For PCs with significant differences, loadings were calculated from the matrix of eigenvector coefficients and used to interpret which alleles are most important in discriminating species. Alleles with loadings of ≥ 0.5 or ≤− 0.5 were considered important factors in a PC (McGarigal, Cushman & Stafford, 2000) . Finally, a multivariate discriminant analysis was used to determine whether populations could be correctly assigned to a prior classification (species) based upon PC variables. All analyses were performed using JMP version 3.2.1 (SAS Institute). Table S1 ). Low-elevation localities within the range of P. metcalfi in South Carolina (localities 48 and 50 in Fig. 1 ) were included; these individuals have a particularly brilliant pattern of brassy dorsal flecking previously used to describe a distinct species, Plethodon clemsonae (Brimley, 1927) . Because of hybridization between P. shermani and some species of the Plethodon glutinosus complexes (Highton & Peabody, 2000; Weisrock, Kozak & Larson, 2005) , P. shermani sampling in this study is limited to a single locality from each of its four isolates. Furthermore, locations of P. glutinosus -complex species outside the range of the P. jordani complex were sampled. Outgroup sequences were obtained from a single individual of each species of the Plethodon ouachitae complex ( Plethodon caddoensis , Plethodon fourchensis , and P. ouachitae ), Plethodon petraeus , and Plethodon yonahlossee . An average of five individuals (range 1-13) from each ingroup locality were sampled. Specimen information is provided in Table S1 (Supplementary Material). DNA extraction, polymerase chain reaction, sequencing, and sequence alignment were performed in accordance with Weisrock et al . (2005) .
H IERARCHICAL HAPLOTYPE PHYLOGENY ESTIMATION
Parsimony analyses of mtDNA haplotypes were conducted in PAUP* v4.0b10 (Swofford, 2002) using a heuristic search with 10 random-addition replicates and Tree Bisection and Reconnection branch swapping. Gaps were treated as missing data. Because many trees were produced, each random-addition replicate was limited to save 10 000 trees. Bootstrap percentages (BP) were calculated using one hundred bootstrap replicates under similar conditions. Decay indices (DI; = branch support of Bremer, 1994) were calculated in PAUP* using constraint trees generated in TreeRot, version 2.0 (Sorenson, 1999) . Bayesian analysis was performed using the parallel-processor version of MrBayes, version 3.04 (Altekar et al ., 2004) . Four Markov chains were used with a temperature setting of 0.2. The evolutionary model was determined by likelihood-ratio tests as implemented in MODEL-TEST, version 3.06 (Posada & Crandall, 1998) . Default uniform priors were used for all model parameter estimates, and random trees were used to start each Markov chain. One million generations were run with a tree sampled every 1000th generation. These trees were then parsed with MrBayes to construct phylograms based upon mean branch lengths and to calculate posterior probabilities (PP) of branches using a majority-rule consensus tree. Trees from generations prior to a stationary likelihood value were discarded. Two additional independent runs were performed using identical conditions to verify precision. Mean values of model parameters from the posterior distribution were used to calculate likelihood-corrected sequence divergences in PAUP*.
H APLOTYPE NETWORK CONSTRUCTION
The complete 438-sequence data set was analysed by statistical parsimony (Templeton, Crandall & Sing, 1992) using the program TCS, version 1.13 (Clement, Posada, & Crandall, 2000) . Gaps were treated as missing data. Equally parsimonious loops in haplotype networks were broken following guidelines in Crandall & Templeton (1993) . Nesting of the haplotype networks was performed using protocols of Templeton, Boerwinkle & Sing (1987) and Templeton & Sing (1993) . During the nesting procedure, some N -step groups were left stranded. Unless otherwise noted, stranded haplotypes were included in the N -step group that maximized sample size and hence, statistical power. In networks for which the nesting pattern gave no clear internal vs. tip distinction, the haplotype chosen as having the highest root probability in TCS was designated the internal haplotype (Castelloe & Templeton, 1994) .
N ESTED CONTINGENCY TESTS OF SPECIES HYPOTHESES
Exact, nested contingency tests of association between categorical variables and haplotypes or nested sets of haplotypes were performed to test the null hypothesis of no significant association between haplotype groups and species category (Templeton, Routman & Phillips, 1995; Matos & Schaal, 2000; Templeton, 2001) . Tests were performed in all nested groups containing haplotypes from more than one species. At higher levels of nesting in which networks could not be linked via statistical parsimony, tests were performed two ways: (1) considering all networks a single nesting group in which the networks form part of an unresolved polytomy and (2) using the phylogenetic structure of the higher-level analyses to impose a nesting structure. Chi-square tests were implemented using Chiperm, version 1.2 (written by D. Posada), which utilizes Monte Carlo simulations to test the significance of chi squared (Roff & Bentzen, 1989) . One thousand randomization permutations were used in all tests to assess significance of chi squared.
N ESTED -CLADE ANALYSIS OF GEOGRAPHICAL DATA Phylogeographical tests of associations between geography and haplotype groups, and inferences of the causal factors responsible for detected associations, were performed through nested-clade analysis (NCA) (Templeton et al ., 1995; Templeton, 1998) . Clade distances ( D c ) and nested-clade distances ( D n ) were calculated using great circle distances to measure geographical ranges of haplotypes and nested groups of haplotypes. All analyses were performed using GeoDis, version 2.0 (Posada, Crandall, & Templeton, 2000) . Inferences followed the most recent inference key (http://inbio.byu.edu/Faculty/kac/crandall_lab/ geodis.htm).
A NALYSIS OF POPULATION GENETIC STRUCTURE
Population structure among sampling localities of the six focal species was measured using: (1) analysis of molecular variance (AMOVA) to assess the partitioning of sequence variation within and between a priori geographical groupings (Excoffier et al., 1992) and (2) a hierarchical analysis of nucleotide-diversity measures to identify geographical structure a posteriori (Holsinger & Mason-Gamer, 1996) .
For AMOVA, unweighted squared Euclidean distances were calculated for all pairwise combinations of haplotypes. The total variance of these distances was partitioned into three components: (1) variance among species, (2) variance among populations within species, and (3) variance among individuals within a population. These variance components were used to calculate φ statistics (Excoffier et al., 1992) , which measure the correlation of random haplotypes sampled within a population relative to those sampled from a more inclusive group. All analyses were performed using ARLEQUIN, version 2.0 (Schneider, Roessli, & Excoffier, 2000) . Significance of the variance components was determined using a random permutation test with 1000 replicates.
For the hierarchical approach of Holsinger & Mason-Gamer (1996) , a pairwise matrix of g st values was used to group populations in a hierarchical manner similar to UPGMA. Groups of sampled localities that exhibit small and insignificant measures of g st were regarded as a single population (Barber et al., 2002) . This hierarchical analysis was performed using Nucleodiv, version 1.7 (Holsinger & Mason-Gamer, 1996 ) and applied to the major haplotypic groups identified by phylogenetic analyses. Statistical significance of nucleotide-diversity measures was assessed by creating a null distribution through random resampling.
ESTIMATING POPULATION SIZE AND GROWTH
Population size and growth parameters were estimated using maximum likelihood in the framework of coalescent theory (Kuhner, Yamato & Felsenstein, 1995 , Kuhner et al., 1998 . This method calculates θ= 2N e µ (for a haploid system, µ= mutation rate) and a population-growth parameter, g, which describes the direction and magnitude of population-size change over time measured in units of 1/µ generations. Analyses were performed using a Metropolis-Hastings Markov Chain Monte Carlo sampling method implemented in Fluctuate, version 1.4 (Kuhner et al., 1998) . All analyses used 20 short chains of 20 000 steps sampling every 100 generations and two long chains of 250 000 steps sampling every 250 generations. Simulation-based evaluations suggest that the maximumlikelihood estimate of g is biased upwards. Therefore, all values are reported with their 95% confidence interval estimated from the distribution of likelihood values under a null model of no population growth. The operational population units are either single localities or sets of localities grouped as a single population by the hierarchical analyses of nucleotide diversity.
MANTEL CORRELATION TESTS
Mantel tests (Mantel, 1967; Smouse, Long & Sokal, 1986) were used to examine correlations among distance matrices. To separate the effects of two distance matrices on a third 'response' matrix, the partial Mantel test was used (Smouse et al., 1986) .
Examination of gene flow and speciation in the six focal species of the Plethodon jordani species complex used matrices of: (1) mtDNA-based maximumlikelihood and patristic genetic distances, (2) allozyme-based Nei's genetic distances, (3) great-circle geographical distances, and (4) a binary matrix corresponding to species categories for the six species. Simple Mantel tests were performed comparing two distance matrices as well as partial Mantel tests (Smouse et al., 1986 ) using PASSAGE, version 1.0 (Rosenberg, 2002 . For all Mantel tests, the coefficient of determination (R 2 ) was calculated (Smouse et al., 1986) . In simple Mantel tests, this is the square of the correlation coefficient. For partial Mantel tests, the R value (Smouse et al., 1986: eqn 16) identifies the amount of variation in one factor explained by variation in a second factor after a third factor has already been fit to the first factor.
The mtDNA and allozyme distance matrices included only localities for which both forms of genetic data were available. Some localities contained multiple mtDNA haplotypes, but these typically were of low divergence (0.6-1.35%). Therefore, a representative haplotype was arbitrarily chosen for each locality (see Supplementary Material, Table S2 ).
RESULTS ORDINATION PLOTS OF ALLOZYMIC VARIATION
Both MDS and PC methods identify both P. cheoah and P. jordani as distinct clusters of populations ( Fig. 2) . Plots of MDS scores involving dimension 3 and scores from PCs 1 and 4 separate P. jordani localities from all others. Plots of MDS scores from dimensions 2 and 3 and scores from PCs 1 and 4 separate P. cheoah from all other localities. In both analyses, localities of P. amplus, P. meridianus, P. metcalfi, and P. montanus share a general area of ordination space; their localities tend to cluster by species, but these species are less distinct than P. cheoah and P. jordani.
PRINCIPAL COMPONENT ANALYSIS OF ALLOZYMIC DATA
Individual PCs explain a small percentage of the variation in the data set (PC1 = 7.51%; Supplementary Material, Table S3) indicating that many inferred loci exhibit different patterns of variation across sampled localities. However, eigenvalues show an asymptotic downward curve across PCs, indicating that allozymic variation is not random. The first 29 PCs are reported, each of which explains 1% or greater of the total variation in the data set. A MANOVA using the first 29 PCs and species categories as treatments reveals significant differences among species (Wilks' Lambda P < 0.0001). Analysis of variance reveals that 17 of the first 21 PCs show significant differences between species categories (see Supplementary Material, Table S3 ). A Tukey-Kramer test reveals that species of the P. jordani complex are statistically differentiated from each other at a number of PCs (see Supplementary Material, Table S3; Figs 3, 4) . A multivariate discriminant analysis using the 17 PC axes that show significant differences among species places all sampled localities correctly into the species categories of Highton & Peabody (2000) with a probability of one.
Allozymic differentiation among species varies by PC. Plethodon jordani is statistically separated from all other P. jordani-complex species in PCs 5, 7, and 9 (Figs 3, 4) . No diagnostic alleles are presented for P. jordani in Highton & Peabody (2000) . However, Alb allele b -, which has a high loading on PC5, occurs in mid to high frequency (0.54-0.99) in all localities of P. jordani but elsewhere only in some localities of P. metcalfi, where it has a range of frequencies (0.25-0.817). Idh-1 has an allele (b) that loads heavily on PC 5; it has high frequency in all localities of P. jordani but is common also in all localities of P. shermani and some P. glutinosus-complex species.
Of the seven species of the P. jordani complex, P. cheoah is the most divergent in ordination plots using PC4 and is statistically differentiated from all other P. jordani-complex species at this PC (Figs 2, 4). Alleles with high loadings on PC4 are consistent with the diagnostic alleles reported for P. cheoah in Highton & Peabody (2000), except that no Trf alleles have a high loading on this PC. Est aa and LDH (muscle) e -both appear in moderate frequency in all localities of P. cheoah and occur only in very low frequency in other P. jordani and P. glutinosus species. Lap c has a high frequency in all populations of P. cheoah, low frequency in some localities of P. shermani, and is absent from all other P. jordani-complex species; however, it has a high frequency in Plethodon chattahoochee and Plethodon chlorobryonis from the P. glutinosus complex. Localities of P. cheoah have high frequencies of Trf I, an allele uncommon in other species of the P. jordani complex but prevalent in most localities of P. cylindraceus.
No single PC statistically differentiates P. amplus, P. metcalfi, P. meridianus, and P. montanus; however, the greatest differentiation among these four species occurs in PCs 4 and 8. Inferred loci that have high loadings on PCs 4 and 8 are similar to those judged most discriminatory by Highton & Peabody (2000) , but none of these exhibit absolutely diagnostic patterns. For example, Alb f is nearly fixed in P. meridianus and completely absent from P. montanus, but it occurs in P. amplus and P. metcalfi. Similarly, Trf e is nearly fixed in P. meridianus, common in many P. metcalfi localities, and absent or rare in most localities of P. montanus, but it has a frequency of almost 50% in P. montanus locale 10 of Highton & Peabody (2000) . This pattern is repeated at many inferred loci, especially the highly variable blood plasma-protein loci and Esterase (Est).
MTDNA SEQUENCE DATA
Complete sequences are reported for 435 of the 438 specimens studied. Three specimens lack approximately 400 bases of sequence from the 5′ portion of the ND2 gene. The 438 individual sequences yield 147 haplotypes (GenBank numbers AY874875-AY874995), 142 of which are shared by the P. jordani and P. glutinosus species complexes (see Supplementary Material, Table S4 ). Within the P. jordani and Dimension 2 Dimension 1 (Table S3) discriminating species groupings using allozymic data. The 17 PC axes collectively discriminate each recognized species, although not all pairs of species are discriminated by each axis. Axis 7 discriminates Plethodon jordani (lighter shading) from all other species, and axis 5 discriminates P. jordani from all species except Plethodon aureolus, whose range of variation includes that of P. jordani. Parsimony analysis of all mtDNA haplotypes saves 100 000 trees of 1292 steps. Bayesian phylogenetic analysis reaches a stationary posterior distribution after 90 000 generations. The first 150 000 generations are discarded. The majority-rule consensus of trees sampled from the posterior distribution has a mean ln-likelihood of −8522.8112 with a standard deviation of 11.9241 (Fig. 5A, B) . Mean model parameter estimates from the posterior distribution are C↔T = 12.07, C↔G = 1.43, A↔T = 1.14, A↔G = 26.19, A↔C = 2.31, πA = 0.36, πC = 0.25, πG = 0.10, α= 0.052, and I = 0.08. Both optimality criteria identify the same major haplotype clades (Fig. 5) . A clade containing all haplotypes except those from the P. ouachitae complex (P. caddoensis, P. fourchensis, and P. ouachitae) has a significant PP and strong parsimony support (BP = 95%; DI = 8). Within this clade, haplotypes from P. petraeus, P. yonahlossee, and P. kentucki are grouped with weak support (BP = 81%; DI = 5; PP not significant). Haplotypes from P. aureolus and P. glutinosus, a haplotype shared by all P. shermani from locale 100 in the Tusquitee Isolate, and a haplotype from a single P. jordani specimen from locale 89 in the Great Smoky Mountain Isolate form a well supported clade (Fig. 5) . The remaining haplotypes form five geographically distinct clades (labelled A-E in Fig. 5 ), each supported by BP ≥ 97%, DI ≥ 7, and PP ≥ 0.95. Most haplotypes from the red-cheeked species, Table S4 . Numbers in parentheses denote localities from which haplotypes were sampled ( Fig. 1 ; Table S1 ). Asterisks signify branches whose posterior probability equals or exceeds 0.95. Numbers above branches are parsimony bootstrap values; bold numbers below branches are parsimony decay indices. Branch-support measures are omitted for terminal branches within major haplotypic groupings. (Fig. 5A, clade A) . The average corrected sequence divergence among clade-A haplotypes is 0.85 ± 0.9%.
The sister group to clade A comprises haplotypes from all individuals of P. metcalfi locations in the western and southern portions of the Blue Ridge Isolate (Fig. 5A, clade B) . Within clade B, haplotypes from the brassy-coloured P. metcalfi in localities 48 and 50 are identical or closely related to ones from nonbrassy populations at higher elevations. Average corrected sequence divergence within clade B is 1.07 ± 0.6%.
A third clade (Fig. 5A , clade C) contains all haplotypes from P. cheoah, from three of the four P. shermani isolates, and from the P. glutinosuscomplex species P. chattahoochee, P. chlorobryonis, P. cylindraceus, and P. teyahalee. Within this clade, all haplotypes from P. cheoah form a strongly supported clade (Fig. 5A, clade C1 ). Haplotypes from P. shermani do not form a clade but group with various haplotypes from the P. glutinosus complex. Average corrected sequence divergence among haplotypes within clade C is 4.16 ± 2.1%.
A fourth clade (Fig. 5B , clade D) contains haplotypes from P. amplus and P. meridianus and from P. metcalfi in the eastern portion of the Blue Ridge Isolate. Within clade D, all specimens from locale 36 of P. amplus have a fairly divergent haplotype (amplus-7) that is the sister lineage to a clade comprising: (1) a subclade (Fig. 5B, clade D1 ) of all haplotypes from P. meridianus and localities 43, 44, and 45 of P. metcalfi and (2) a subclade (Fig. 5B, clade D2 ) of haplotypes from localities 33, 34, and 35 of P. amplus and 37-42 of P. metcalfi. Average corrected sequence divergence among haplotypes within clade D is 2.07 ± 1.54%.
A fifth clade (Fig. 5B , clade E) contains all haplotypes from P. montanus and from P. metcalfi localities in the north-central portion of the Blue Ridge Isolate, the Balsam Isolate, and the Cowee Isolate. The single exception is from locality 85 in the Balsam Isolate from a specimen with faint red cheek spotting and a haplotype phylogenetically closer to those of P. jordani. Additional localities in the north-western portion of the Blue Ridge Isolate contain mtDNA haplotypes in clade B, despite close geographical proximity to the Balsam and Cowee Isolates. Average corrected sequence divergence among haplotypes within clade E is 0.99 ± 0.55%.
Phylogenetic relationships among clades A, B, C, D, and E are well supported. Clades A and B are sister clades with an average sequence divergence of 10.8 ± 1.1%. Clades D and E are strongly grouped in all analyses and have an average sequence divergence of 8.7 ± 0.6%. Clade C is the sister group to a clade of D and E combined; average sequence divergence between clade C and clade DE is 11.4 ± 1.1%. Average sequence divergence between clade AB and clade CDE is 18.15 ± 1.92%.
HAPLOTYPE NETWORKS
Haplotypes from the six focal species form six distinct networks with a statistical-parsimony connection limit of 15 mutations (Figs 6, 7, 8) . These networks correspond largely to clades identified in the higherlevel phylogenies. All haplotypes in clade A form a single network at the four-step level (Fig. 6A) . All haplotypes in clade B form a single network at the fivestep level (Fig. 6B ). All haplotypes from P. cheoah form a distinct network with little internal divergence (results not shown). Haplotypes from clade D are not linked under the limits of statistical parsimony and instead form three distinct units corresponding to the component groups described above in the hierarchical phylogenetic results (Fig. 7) . Finally, all haplotypes in clade E form a single network at the five-step level (Fig. 8) .
NESTED CONTINGENCY TESTS
The null hypothesis of no association between species category and haplotype network is strongly rejected in all multispecies networks and nesting levels (Table 1 ). At the highest nesting level, in which all haplotype networks are compared with each other, the null hypothesis is rejected regardless of whether all unlinked networks are considered an unresolved polytomy or nested according to Figure 5 . Therefore, at each major nesting level, the major subgroups correspond primarily to a single named species of the P. jordani complex. Mitochondrial haplotypes therefore successfully diagnose the same species lineages identified by allozymic studies despite some discordance from retained ancestral polymorphism or mitochondrial introgression across species borders.
NCA-INFERRED POPULATION HISTORY
Despite the relatively small geographical scale of this species complex, haplotypic differentiation is extensive. Significant associations between haplotypes and geography characterize all networks except P. cheoah (Appendices 5, 6, 7, 8, 9) .
Populational range expansion is the most commonly inferred factor explaining haplotype distributions (Table 2 ; Fig. 9 ). Of 26 nested haplotype groups for which a confident inference results, 17 invoke range expansion [either contiguous range expansion (CRE) or long-distance colonization (LDC)]. LDC is common for mtDNA haplotype groups that span allozymebased species borders. LDC is inferred for nested (Fig. 5A, clade A) and (B) 27 haplotypes sampled from western and southern localities of P. metcalfi (Fig. 5A, clade B) . Open circles represent recovered haplotypes; smaller filled circles represent inferred, unsampled haplotypes. Single lines denote single mutational events. Haplotype designations follow those given in Table S4 and Figure 5 , except that species names are truncated to their first three letters. Thin dashed lines outline one-step nested groups. Thinner solid lines outline two-step nested groups. Shaded boxes encapsulate individual three-step nested groups. Three-step groups are nested in an inclusive four-step group shown by a thick solid line. Four-step groups are joined in an inclusive five-step group shown by a thick dashed line. group 3-10, which spans the geographical border between P. amplus and P. metcalfi (Fig. 9A) . Similarly, LDC is inferred for nested group 3-11, which contains haplotypes from P. meridianus and P. metcalfi (Fig. 9A) . Further interspecies range expansions facilitated by LDC characterize nested groups 1-38 and 3-14 involving P. montanus and P. metcalfi (Fig. 9B ).
Range expansions are also prevalent in clade-B P. metcalfi; five of six inferences show range expansion, mostly CRE (Table 2 ; Fig. 9C ). Inferences of past geographical fragmentation occur for several groups (Table 2 ), although few involve highly divergent haplotypes. Inferences of fragmentation involving shallow divergences are (Fig. 5B, clade D) . Large open circles represent recovered haplotypes; small filled circles represent inferred, unsampled haplotypes. Haplotype network and nesting descriptions follow those given in Figure 6 . Haplotypes from nesting groups 3-10 and 3-11 and the haplotype from locality 36 of P. amplus (amp 7) are not linked under statistical parsimony. Therefore, the nesting structure follows the hierarchical phylogenetic results (Fig. 5) . Table 2 , and caution is warranted in concluding that 'clades with restricted geographical distributions have ranges completely or mostly nonoverlapping'. This issue, which arises in steps four and five of the inference key, is integral for discriminating past fragmentation and isolation by distance. This discrimination requires dense geographical sampling (Templeton, 1998; Hedin & Wood, 2002) . Therefore, the inference chain is terminated where sampling is sparse.
ANALYSIS OF MOLECULAR VARIANCE
AMOVA partitions very little variance among individuals within localities (0.99%; 
5-3 HIERARCHICAL ANALYSIS OF NUCLEOTIDE DIVERSITY
Hierarchical analysis of nucleotide diversity reveals significant differences in g st distance measures among many single localities and groups of localities (Fig. 10) , indicating high genetic fragmentation across the six focal species. Population trees are usually highly pectinate in structure. For example, localities of clade-B P. metcalfi form two major subclades of localities that correspond largely with the four-step nested haplotype groupings in clade B (Fig. 6 ). Within each of these clades, a pectinate structure connects many single localities that are significantly differentiated from each other. However, three groups of geographically contiguous localities form clades that do not contain significant differentiation. Across all population trees constructed, numerous single localities have significantly genetically differentiated branches. Grouping of multiple localities into genetically undifferentiated populations generally involves geographically contiguous localities; however, some P. metcalfi/P. montanus populations encompass multiple isolates. Full details of all population trees are provided by Weisrock (2003) .
ESTIMATES OF POPULATION GROWTH
Maximum-likelihood estimates of population size and growth are performed on 31 populations that contain intrapopulation genetic variation, as identified by hierarchical analyses of nucleotide diversity (Table 4) . Sixteen of the populations display growth parameters indistinguishable from zero given the 95% confidence interval. Twelve populations exhibit significant positive growth patterns, suggesting that effective population sizes in the past were smaller than today (Table 4 ). Values measured for θ (= 2N f µ) and g (exponential growth rate) are comparable to values measured for the frog Rana arvalis, which also shows post-Pleistocene range expansion (Babik et al., 2004) .
CORRELATIONS AMONG DATA MATRICES
Simple Mantel correlation tests using data from all species except P. shermani reveal significant correlations among all data matrices (Table 5) . Geneticdistance matrices show strong correlations to species hypotheses, with the allozyme-based Nei's D having a higher correlation (r = 0.7217) than the mtDNA maximum-likelihood distance (r = 0.4753). Both geneticdistance matrices also show significant correlations with geography. Geographic distance and species hypotheses are themselves correlated, but partial Mantel tests show that after controlling for geography, a significant correlation persists for allozymic genetic distances and species hypotheses (r = 0.6947). The coefficient of determination for this test (R 2 = 0.5277) is much larger than that for the correlation between the allozymic data and geography alone (R 2 = 0.0872). A partial Mantel test reveals a significant correlation between mtDNA maximum-likelihood distance and species hypotheses after controlling for geography (r = 0.4618), explaining more variation in the mtDNA maximum-likelihood distance matrix (R 2 = 0.2261) than does geography alone (R 2 = 0.0164). Both genetic- Species primarily represented in a nesting level are shown in parentheses by the nested-group number ( Figs 6, 7, 8) . A significant result suggests that haplotype groups are largely diagnostic of species lineages. *Major subgroups analysed as part of a single nesting group in which the individual subgroups form an unresolved polytomy; statistical significance is maintained in an alternative analysis using the phylogenetic topology of Figure 5 to impose dichotomous nesting among major subgroups (Weisrock, 2003) .
distance matrices are insignificantly correlated with geography after species hypotheses are controlled. All hierarchical phylogenetic analyses of both allozymes and mtDNA haplotypes reveal that P. cheoah and P. jordani are genetically distinct groupings of populations relative to P. amplus, P. meridianus, P. metcalfi, and P. montanus. Separate analyses conducted on distance matrices containing only P. amplus, P. meridianus, P. metcalfi, and P. montanus show that the mtDNA distance matrix remains significantly correlated with species hypotheses after controlling geographical distance, although the amount of Table 2 . Causal factors inferred for distributions of genetic variation in nesting groups that show significant association between haplotype phylogeny and geography
Species
Nesting group
Steps taken through inference key Inference
Plethodon jordani 1-2 1-2-3-4-9-no PF between (90, 91, 93) and (87, 92, 94) (very shallow divergence) 3-1 1-2-3-4-9-no PF between locality 88 and (87, 90-94) 4-1 1-2-11-12-no CRE detected involving nested groups 3-1 and 3-2 'Western' Plethodon metcalfi 1-10 1-2-11-12-13 RE between metcalfi-4 and metcalfi-5, cannot discriminate CRE and LDC 1-13 1-2-11-12-no CRE between metcalfi-10 and metcalfi-11 2-7 1-2-11-12-no CRE between 1 and 9 and 1-10 2-15 1-no No geographical association of haplotypes 3-7 1-2-3-4-9-no PF between 2 and 11 and 2-12 (very shallow divergence) 3-9 1-no No geographical association of haplotypes 4-2 1-2-3-4-? Cannot determine whether groups 3-4 and 3-5 are mostly non-overlapping and cannot discriminate PF and restricted gene flow 4-4 1-2-11-12-no CRE 5-1 1-2-11-12-13-yes LDC Plethodon amplus/metcalfi 1-28 1-2-11-12-13-14-no RE between amplus-1 and amplus-2, but unable to discriminate CRE and LDC 3-10 1-2-11-12-13-yes LDC from 2 to 18 into 2-17 and 2-19 Plethodon meridianus/metcalfi 3-11 1-2-11-12-13-yes LDC
Plethodon montanus/metcalfi
1-38 1-2-3-5-6-7-yes Restricted gene flow/dispersal, but with some LDC 1-41 1-2-11-12-13-yes LDC by montanus-3 1-57 1-2-11-12-no CRE 1-66 1-2-3-5-15-16-18-no Cannot discriminate PF, RE, and IBD 2-23 1-2-3-5-15-no PF between 1 and 38, 1-41, and 1-42 (very shallow divergence) 2-24 1-2-3-4-5-no PF between 1 and 54 and 1-55 (very shallow divergence) 2-27 1-2-3-4-9-10-no Sampling Inadequate to discriminate PF and IBD 2-31 1-2-3-5-no Restricted gene flow w/IBD between 1 and 56 and 1-57 -9-no PF between 1 and 58 and 1-56 2-33 1-2-11-12-13-yes LDC for 1-61 2-34 1-2-3-4-9-no PF (very shallow divergence) 2-37 1-2-3-4-9-10-no Sampling Inadequate to discriminate PF and IBD 3-12 1-2-11-12-no CRE 3-13 1-2-11-12-no CRE 3-14 1-2-11-12-13-14-yes LDC from 2 to 29 into 2-28 and 2-30 3-16 1-2-11-12-no CRE 4-6 1-2-11-12-yes PF between 3 and 12, 3-13, 3-14, and 3-17 5-3 1-2-11-12-no PF between 4 and 6, 4-7, and 4-8 IBD, isolation by distance; PF, past fragmentation; RE, range expansion; CRE, contiguous range expansion; LDC, longdistance colonization.
variation explained is less than in the more inclusive analysis (R 2 = 0.0954). Nonetheless, species categories explain more variation than does geography (R 2 = 0.014).
DISCUSSION DIAGNOSING POPULATION-LEVEL LINEAGES
The Plethodon jordani species complex exemplifies the difficulty of diagnosing historical, population-level lineages from molecular markers that exhibit discordant geographical variation. Although allozymic variation does not provide fixed differences as diagnostic markers for species-level boundaries, the statistical analyses in the present study diagnose the named species in the P. jordani complex by their allozyme profiles. Divergence among these lineages has occurred through geographical fragmentation and isolation of populations associated with effects of climatic cycles on distribution of their favoured habitat. These lineages constitute phylogenetic species sensu Cracraft (1989) . Variation in mtDNA haplotypes provides an independent diagnosis of the same species lineages recovered from analyses of allozymic variation. Analyses of mtDNA data yield deeply divergent haplotype clades that cross allozyme-based species borders. However, statistical tests reveal that mtDNA variation is largely concordant with a priori species designations and that discrepancies are caused by introgressive gene flow. Strict concordance across data sets should not be required for species diagnosis because lineage sorting of haplotypes and limited hybridization following the initial divergence of species produce some discordance between species boundaries and the Species refer to allozyme-based groupings of Highton & Peabody (2000) . *Variance in the unweighted squared Euclidean distance among haplotypes. **Measures of genetic differentiation following Excoffier et al. (1992) . φ CT , correlation of random haplotypes within species relative to that of random pairs of haplotypes drawn from the P. jordani complex; φ SC , correlation of random haplotypes sampled within localities relative to that of a random pair drawn from the same species; φ ST , correlation of random haplotypes within a population relative to that of random pairs of haplotypes drawn from the P. jordani complex. φ = 1, complete genetic differentiation; φ = 0, no genetic differentiation.
distributions of molecular markers (Templeton, 1989 (Templeton, , 2001 . Consequently, using phylogenetic species criteria with allozymes and mtDNA data, the species hypotheses of Highton & Peabody (2000) are interpreted as independent population-level lineages in the framework of the GLC. The present study highlights concordance and discordance between allozyme and mtDNA geographical variation in the P. jordani species complex individually for each species.
PLETHODON JORDANI
Plethodon jordani is a clear and unequivocal phylogenetic species, diagnosed independently by the allozymes and mtDNA haplotypes. Hierarchical analysis of allozymic variation supports the population-level integrity of this species, even after removing the hypervariable blood-plasma proteins. MDS and PC ordination plots both clearly differentiate localities of this species from all other species of the P. jordani complex. Furthermore, PC scores of this species are significantly separated from all other species, and loadings identify diagnostic allelic combinations. Variation in mtDNA haplotypes is concordant with allozymic variation in distinguishing P. jordani, which corresponds to the strongly supported and divergent haplotype clade A. Clade A contains a single haplotype from a potentially hybrid population of P. metcalfi in the Balsam mountains, indicating some genetic contact between P. jordani and P. metcalfi. However, reciprocal transplant experiments suggest that hybrids between these species are selectively disfavoured within either parental species' range (Highton, 1998) . Hairston et al. (1992) found a similar pattern in an 18-year morphological study of hybridization between P. jordani and P. metcalfi at the intersection of the Balsam and Great Smoky Mountains. They detected a narrow and relatively stable hybrid zone with little evidence of introgression, despite an estimate that hybridization has occurred there for nearly 4000 years. A single individual of P. jordani contains a haplotype placed in a clade with haplotypes sampled from P. aureolus, P. shermani, and P. glutinosus. Historical hybridization between P. jordani, P. shermani, and species of the P. glutinosus complex may yield substantial introgression of mtDNA haplotypes between species (Weisrock et al., 2005) ; however, hybridization appears to have little impact on the geographical patterning of nuclear allozymic variation. Peabody (1978) found a steep cline in allelic frequencies between P. jordani and P. teyahalee in a transect near Mt Sterling in the eastern Great Smoky Mountains, where these species replace each other elevationally. Furthermore, these species are sympatric in the western portion of the distribution of P. jordani with no evidence of hybridization. All data indicate that, whether ongoing or Figure 10 . Example of extensive genetic fragmentation among localities detected using hierarchical structure of nucleotide diversity in mitochondrial DNA haplotypes (Holsinger & Mason-Gamer, 1996 ). The population tree shows the hierarchical structure of nucleotide diversity for localities of Plethodon metcalfi sampled from the western and southern portions of the Blue Ridge isolate (Fig. 5A,  haplotype clade B) . Localities joined at a low nesting level have a smaller mean time to mtDNA haplotype coalescence than do localities joined at a higher nesting level. Numbers at nodes are g st distances between the daughter nodes, and the probability of a random value being equal to or greater than the observed value under a null hypothesis of no genetic differentiation. Numbers in parentheses are within-locality nucleotide sequence diversities estimated following Nei & Tajima (1981) . Zero distances on branches denote polytomies. historical, hybridization has had little influence on P. jordani populations as a whole.
PLETHODON CHEOAH
As in P. jordani, molecular variation clearly diagnoses P. cheoah as an independent population-level lineage using phylogenetic species criteria. Both hierarchical and ordination-based analyses of allozymic variation clearly distinguish P. cheoah from all other species of the P. jordani complex. Similarly, all haplotypes from P. cheoah form a monophyletic group (Fig. 5A , clade C1) highly divergent from all others. No results indicate historical hybridization with other species of the P. jordani complex; furthermore, P. cheoah occurs in sympatry with P. teyahalee, a member of the P. glutinosus complex, with little evidence of hybridization (Highton & Peabody, 2000) .
PLETHODON AMPLUS, P. MERIDIANUS, P. METCALFI,
AND P. MONTANUS These four species also correspond to differentiated groupings of populations and constitute diagnosable population-level lineages. However, their historical divergence has been complicated by periods of genetic Table 4 . Maximum-likelihood estimates of theta (θ = 2N f µ, where N f is the female effective population size and µ is the per-generation mutation rate) and the exponential growth rate (g) inferred from variation in mitochondrial DNA haplotypes The growth rate is measured in units of 1/µ generations. Numbers in each population unit refer to the locality or localities (Fig. 1) found to constitute an individual population in the hierarchical analyses of nucleotide diversity. Data are inadequate (ID) for some error estimates. *Significant estimates of positive growth rates. †Significant estimates of negative growth rates.
exchange. For example, Highton and Peabody's allozyme locality 18 of P. metcalfi from the northern portion of the Blue Ridge Isolate has a Nei's D of only 0.07 from localities 9 and 17 of P. montanus, as noted by Highton & Peabody (2000) . Hierarchical analyses therefore produce mixed results with respect to resolving four distinct groupings of populations. Nonetheless, a Mantel test shows that these four species groupings significantly explain a large portion of the allozymic variation; PC scores statistically differentiate each of these four species, and a multivariate discriminant analysis is unequivocal in assigning each locality to its a priori species category. The mtDNA haplotypes from these four species do not form monophyletic groups corresponding to each species. As with allozymic variation, the structure of mtDNA variation has likely been influenced by gene flow between previously diverged populations. NCA of mtDNA data identifies range expansions dominating the Pleistocene history of these species (see below) and mediating introgressive gene flow. However, contingency chi-square tests reveal significant associations between haplotype networks and species categories for networks 3-10 (P. amplus), 3-11 (P. meridianus), 5-1 (P. metcalfi), and 5-3 (P. montanus). Consequently, although P. amplus, P. meridianus, and P. montanus have haplotypes found in P. metcalfi, they act primarily as independent evolutionary lineages (sensu Templeton, 2001 ) and constitute phylogenetic species (Cracraft, 1989) . Strict monophyly of haplotype groupings is not expected for different populational lineages (Templeton, 1989 (Templeton, , 2001 ) because of limited introgression or ancestral polymorphism; species diagnoses therefore must accommodate some discrepancy between species boundaries and the distributions of haplotype clades. Their status as separate evolutionary lineages does not automatically qualify these populations as cohesion species; additional data must show statistically that these lineages are not demographically or reproductively exchangeable to consider them separate cohesion species (Templeton, 1989) . Absence of significant sexual isolation between some of these phylogenetic species (Reagan, 1992 ; see also below) suggests that some may be genetically exchangeable; however, their demographic exchangeability remains to be tested.
POPULATION HISTORY, POPULATION STRUCTURE, AND
MTDNA INTROGRESSION
The phylogenetic grouping of mtDNA haplotypes from eastern and northern localities of P. metcalfi et al. (1986) . ‡The probability of randomized matrices having a correlation coefficient equal to or greater than the observed value.
with haplotypes from P. amplus, P. meridianus, and P. montanus indicate historical gene flow facilitated by repeated range expansions of these species. NCA reveals that range expansions were common in the Pleistocene history of the P. jordani complex. NCA is particularly robust at recovering historical range expansions in systems with strong a priori expectations (Templeton, 2004) , although extinction of geographically intermediate populations may cause CRE to be misinterpreted as LDC (Masta, Laurent, & Routman, 2003) . In the present study, LDC is inferred across the complex, especially between populations of different species. Even if CREs are incorrectly interpreted as LDCs, the interpretation that historical range shifts have strongly affected salamanders of the P. jordani complex remains valid. The detection of significant positive population-growth rates validates this inference (Masta et al., 2003) . In contrast to the high divergence between the major haplotypic groups of the entire P. jordani complex (upwards of 18% sequence divergence between clades AB and CDE; Fig. 5 ), divergence among haplotypes within these groups is low. A molecular-clock estimate of haplotypic divergence for our mtDNA genic region (1.3%/Myr; Weisrock et al., 2001) indicates that the deepest haplotypic divergence within major clades for which NCA inferences are made occurred within the last 1.5 Myr (clade A: average corrected divergence of 0.85 ± 0.9% = 0-1.35 Myr; clade B: 1.07 ± 0.6% = 0.36-1.28 Myr; clade D1: 0.58 ± 0.31% = 0.21-0.68 Myr; Clade D2: 0.33 ± 0.16% = 0.13-0.49 Myr; clade E: 0.99 ± 0.55% = 0.34-1.18 Myr). Consequently, population dynamics inferred within species of the P. jordani complex likely occurred during the Pleistocene. Inferred range expansions match predictions from the Pleistocene history of codistributed montane vegetation, such as the spruce-fir forests confined to high elevations in the southern Appalachians. Peabody (1978) demonstrated potential corridors connecting current mountain isolates by extending the range of the complex to just 1000 feet below its current distribution (Fig. 1) . A number of these corridors correspond to NCA-inferred range expansions (Fig. 9) and would have provided contact between species hypothesized to have experienced hybrid introgression, thereby producing nonmonophyly of mtDNA haplotypes for some species.
Comparisons of the allozymes and mtDNA data suggest that historical introgression of mtDNA into P. metcalfi from P. amplus, P. meridianus, and P. montanus may have fixed mtDNA haplotypes without substantially reversing prior genetic divergence for the nuclear genomic markers. The shorter expected coalescence time of mtDNA relative to nuclear DNA (Birky, 1991; Moore, 1995; Palumbi, Cipriano, & Hare, 2001 ; but see also Hoelzer, 1997; Hudson & Turelli, 2003) , increases the probability of fixation for an introgressed mtDNA haplotype relative to a nuclear haplotype. Furthermore, neutral mitochondrial haplotypes are expected to cross species borders by introgression more readily than allozymic markers linked to genomic regions involved in adaptive or reproductive divergence between species (Clarke, Johnson & Murray, 1996; Machado & Hey, 2003) .
Population-size change is clearly intertwined with range-expansion, although it is unclear whether favourable habitat for high-elevation species in the southern Appalachians existed to a greater or lesser extent throughout the last Pleistocene glacial maximum. Genetic studies of southern Appalachian alpine plant species reveal low levels of allozymic variation among populations due to reduced population size at the end of the Pleistocene (Godt, Johnson & Hamrick, 1996) . Salamander populations at the highest elevations were extirpated by tundra-like conditions (Whitehead, 1973) , but it is unclear whether favourable habitat was widespread at lower elevations or restricted to refugia. Maximum-likelihood estimates of population-size change suggest that almost half of the populations surveyed have increased in size from the Pleistocene to present. Smaller effective population sizes in the past would have increased the probability of a population becoming fixed for an introgressed haplotype, and range expansions coupled with increasing population size could then establish the introgressed haplotype across a relatively wide geographical area (Hewitt, 1996) .
A scenario of mtDNA introgression facilitated by range expansions is strengthened by the current lack of mtDNA gene flow among most localities. Hierarchical analyses of nucleotide diversity indicate high population fragmentation throughout the range of the P. jordani complex. Some species are more fragmented than others, but most population trees are highly pectinate in shape with most branches significantly differentiated from each other, suggesting that, from a coalescent perspective, most sampled localities act as separate populations with little between-population mitochondrial gene flow. This conclusion is supported by Mantel tests, which provide no evidence for isolation by distance in the mtDNA data, and the AMOVA results, which indicate that very little genetic variation is shared between localities. Finally, results of nested-clade analyses only rarely indicate isolation by distance, further suggesting that gene flow among neighbouring localities is limited. All evidence indicates that, at a local level, populations of the P. jordani complex are highly genetically structured. These results are concordant with an allozymic study of codistributed high-elevation plant species (Godt et al., 1996) and with surveys of population structure in other high-elevation plethodontid species (Crespi, Rissler, & Brown, 2003) , which suggest that gene flow is not the primary source of cohesion among populations (Larson, Wake & Yanev, 1984; García-París et al., 2000) .
SEXUAL ISOLATION AND SPECIATION
Reagan (1992) performed sexual-isolation experiments on five species within the P. jordani complex (excluding P. amplus and P. meridianus). Sampling within species is limited (Table 6 ) and prevents statistical tests of cohesion species (Templeton, 1999) . However, synthesis of these data with the diagnosis of population-level lineages provides insight into processes of speciation in the P. jordani complex (Arnold, Reagan & Verrell, 1993) .
Significant prezygotic sexual isolation is detected for almost all comparisons involving P. jordani and P. cheoah (Table 7) , consistent with the findings of the present study indicating that these are the most dis- Standard errors are given in parentheses. *Isolation coefficients significantly different from zero at P = 0.05. †Results based on presence or absence of a spermatophore deposited by the male during courtship. Coefficients range from 0, where the proportion of successful intraspecific matings equals that of successful interspecific matings, to 2, where all intraspecific matings are successful and all interspecific matings are unsuccessful (Reagan, 1992 Overall, no interspecific comparison reveals a complete lack of interbreeding, and even the greatest levels of sexual isolation between species are relatively low (0.4 on a scale of 0-2), indicating that no species has reached a level of reproductive divergence that precludes gene exchange. Genetic differentiation between at least some species is likely influenced by past genetic contact and sometimes substantial levels of gene flow (e.g. mtDNA introgression into P. metcalfi). However, maintenance of genetically differentiated lineages across a sample of nuclear loci and deep genetic divergences among the major mitochondrial lineages suggest that the magnitude or duration of historical reproductive interactions was too limited to merge the separate gene pools. The resulting pattern in which major lineages replace one another geographically is observed in other plethodontids and attributed by Jockusch & Wake (2002) to ecological interactions that favour residents, producing a 'preemptive occupancy of space.' The P. jordani complex is a strong system for further study of this phenomenon.
SUPPLEMENTARY MATERIAL
The following material is available for this article online: Table S1 . Geographic information for all specimens. Locality numbers correspond to numbered sampling localities in Figure 1 except for localities 102-113, which are not plotted. The number of individuals sampled (N) is given for each locality. Locality 66 is not listed here and was not included in this study. Table S2 . Localities used in Mantel tests. For each locality sampled for mitochondrial haplotypes (mtLocality) the representative mtDNA haplotype is given with the corresponding allozyme locality (aLocality) number from Highton & Peabody (2000) . Table S3 . Summary information for principal components that account for at least 1% of the total variation in the complete allozyme data set of Highton & Peabody (2000) . Species categories are the treatments in a one-way analysis of variance. Table S4 . Plethodon jordani complex haplotypes and corresponding localities. Haplotypes are named according to the species in which they were found. Localities are numbered as in Table S1 with the number of specimens (N) bearing that haplotype in parentheses. Table S5 . Nested clade analysis of geographic distances for localities containing haplotypes from nesting group 4-1, primarily representing sampling localities of Plethodon jordani. Chi-square statistics marked with an asterisk represent nested groups of haplotypes that show a significant association between haplotypes and geography. Superscripts S or L indicate significantly small or large clade distances and nested clade distances. Table S6 . Nested clade analysis of geographic distances for localities containing haplotypes from nesting group 3-10, representing sampling localities of Plethodon amplus and localities of Plethodon metcalfi from the eastern portion of the Blue Ridge Isolate. Descriptions follow Table S5 . Table S7 . Nested clade analysis of geographic distances for localities containing haplotypes from nesting group 3-11, representing all sampling localities of Plethodon meridianus and localities of Plethodon metcalfi from the eastern portion of the Blue Ridge Isolate. Descriptions follow Table S5 . Table S8 . Nested clade analysis of geographic distances for localities containing haplotypes from nesting group 5-3, representing all sampling localities of Plethodon montanus and localities of Plethodon metcalfi from the northern and central portions of the Blue Ridge Isolate, the Balsam Isolate, and the Cowee Isolate. Descriptions follow Table S5 . Table S9 . Nested clade analysis of geographic distances for localities containing haplotypes from nesting group 5-1, representing sampling localities of Plethodon metcalfi from the western and southern portions of the Blue Ridge Isolate. Descriptions follow Table S5 . This material is available as part of the online article from http://www.blackwell-synergy.com
